v-Pressure volume index (PVI) and cerebrospinal fluid (CSF) outflow resistance (Ro) were estimated in spontaneously breathing anestheized cats by the bolus injection test under normal conditions and also under abnormal conditions produced by slow infusion of saline into the CSF space. Bolus injections were made separately into the lumbar subarachnoid space, cisterna magna, and lateral ventricle. The mean PVI values in the lumbar sac, cisterna magna, and lateral ventricle under normal conditions were 0.70, 0.71, and 0.64 ml, respectively; not significantly different from each other. Saline infusion lowered PVI significantly at every site; PVI values in the lumbar sac, cisterna magna, and lateral ventricle were 0.54, 0.52, and 0.53 ml, respectively; not significantly different from each other. Indirect values of PVI were calculated from the pressure responses observed at sites other than where the bolus had been injected. These indirect PVI values were always greater than PVI at the injection site under normal conditions, but differences between direct and indirect PVI values were abolished during saline loading of the CSF space. The Ro was estimated under normal conditions in the lumbar sac, cisterna magna, and lateral ventricle to be 81.6, 85.6, and 110.3 mm Hg/ml/min, respectively. The lateral ventricle Ro was significantly higher than at other places. These findings suggest that, when there is no blockage in the craniospinal axis, the pressure response to a bolus change in CSF volume is freely transmitted, direct measurements of PVI are independent of location, and indirect measurements are larger because of "buffering" in the CSF space. When PVI is lowered and buffering capacity is exhausted, these differences between direct and indirect PVI values disappear. KEY WORDS 9 intraeranial pressure 9 pressure-volume index 9 cerebrospinal fluid outflow resistance 9 cat
E
LEVATED intracranial pressure (ICP) is seen with many different intracranial lesions. It can cause secondary brain damage due to ischemia, and subsequent swelling can further elevate ICP. Eventually, patients with a swollen brain and impaired intracranial compensatory capacity face the risk of cerebral herniation, which is the most important factor contributing to the morbidity and mortality associated with intracranial hypertension. Simple monitoring of ICP alone is not sufficient to predict such a risk. Measurement of intracranial elastance or the volume-pressure relationship is more informative, not only in acute cases but also in chronic conditions. 2'3'6'8-12'~6 '18-2~ In spite of proposals for alternative less invasive techniques, ~' 1v' 21"22 bolus injection into the lateral ventricle is still the most reliable and practical test for estimating intracranial elastance or compensatory capacity. 4-7'~3 There is, however, a basic question about the site where the test should be carded out. Is there a compelling reason why it must be performed only in the lateral ventricle? Catheterization of the lateral ventricles may be difficult when they are collapsed by mass lesions or brain swelling, and ICP monitoring may have to be conducted from the brain surface. This is a serious problem because estimation of the volume-pressure relationship is impossible in just those patients in whom such information is most urgently required. It would be beneficial to know whether, or under what circumstances, bolus injection into the subarachnoid space yielded the same results as at the lateral ventricle.
This series of experiments was planned to determine the variations in pressure-volume index (PVI) at differ-ent locations in the craniospinal axis under both normal and abnormal conditions. Cerebrospinal fluid (CSF) outflow resistance (Ro) was also estimated by the bolus injection method at each site.
Materials and Methods
Thirty mongrel cats of both sexes, each weighing between 2.7 and 5.2 kg, were used for these experiments. Twenty animals were used to obtain control data (Group 1) and 10 were evaluated after infusion of saline into the CSF space (Group 2). Each animal was pre-medicated with subcutaneous atropine (0.05 mg/ kg) and anesthetized by intramuscular ketamine (20 mg/kg). Tracheotomy and intubation were performed, then anesthesia was maintained with a combination of 30% 02 and 70% N20 under spontaneous breathing during the course of the experiment. A cannula for the drip infusion of Hartmann's solution was placed in the subclavian vein. The subclavian artery was cannulated to monitor blood pressure and blood gases.* Each animal was placed in a stereotaxic frame in the sphinx position, and a laminectomy was carried out at L-7. One polyethylene catheter for ICP monitoring was inserted into the lumbar subarachnoid space in Group 1 animals. In Group 2, an additional lumbar catheter was placed for the infusion of saline. A midline incision was made in the posterior fossa, and a catheter was inserted into the cisterna magna through the foramen magnum. The scalp and temporal muscles were reflected, and an appropriate hole was drilled in the skull for the stereotaxic insertion of a No. 22 needle into the lateral ventricle. The catheter and needle insertion holes were sealed by cyanoacrylate adhesive to prevent CSF leakage.
The pressure catheters and needle were connected to pressure transducers1" for polygraph recording. All pressure transducers were calibrated using a water column and positioned halfway between the tip of the dorsal spine and the sternum.
Experimental Protocols
Group 1 (Normal Group). After stabilization of the animal, sequential bolus injections of saline, ranging from 0.1 to 0.4 ml, were made separately into the lumbar subarachnoid space, cisterna magna, and lateral ventricle. The CSF pressure was permitted to return to a stable baseline level between injections. The PVI values and CSF Ro were calculated from the pressure response induced by the bolus injection using the equations reported by Marmarou, by bolus injection (mm Hg), AV is the volume of saline injected (ml), t: is the elapsed time from the instant of bolus injection (usually I minute), and P2 is the pressure at an elapsed time (h) on the decay of the pressure curve.
Group 2 (Saline-Loaded Group). Saline was infused continuously through a catheter into the lumbar subarachnoid space at the rate of 0.045 ml/min to exhaust the buffering capacity of the CSF system. When a new equilibrium level of CSF pressure was established, bolus injections of saline, ranging from 0.1 to 0.3 ml, were carried out at each place as in Group 1. Then PVI and Ro were calculated by the same method as in Group 1.
Body temperature was kept to 37 ~ + 0.5oc by a heating blanket. Any animal demonstrating instability was omitted from the series. Animals that fulfilled the following conditions were considered suitable for inclusion in the study: mean blood pressure 80 to 160 mm Hg, pH 7.30 to 7.40, pO2 over 100 mm Hg, and pCO2 28 to 36 mm Hg.
Direct PVI and Indirect PVI
When the bolus injection was carried out at any given site, similar pressure responses were observed at the other sites of measurement. By definition, the "direct PVI" is the value obtained at the site of saline bolus injection, and the "indirect PVI" is the value calculated from the pressure responses observed at the other sites.
Results

Group 1: Control Data
Data obtained from 13 Group 1 animals were analyzed. The average CSF pressure was 7.7 + 1.6 mm Hg.
Direct PVI at Different Sites
The direct PVI values at three different places are summarized in Table 1 and Fig. 1 . The average PVI value in the lateral ventricle was the smallest (0.64 + 0.17 ml, mean _+ standard deviation), and those in the lumbar sac (0.70 + 0.15 ml) and cisterna magna (0.71 _+ 0.20 ml) were almost identical. However, the PVI value in the lateral ventricle was not significantly different from that at the other sites (p > 0.05, paired t-test).
The values at each place were examined for a possible correlation (Fig. 2) . The direct PVI values in the lumbar sac and cisterna magna had a significant correlation; the regression equation was (Fig. 2 left) : PVIcM = 
Comparison of Direct and Indirect PVI Values.
Direct and indirect PVI values are presented in Table  2 and Fig. 3 . At any site where a bolus of saline was injected, the smallest PVI value was obtained; the indirect PVI value was, therefore, always greater than the direct PVI level. When bolus injections were carried out in the lumbar subarachnoid space, the PVI value in the lumbar sac (direct PVI) was 0.70 + 0.15 ml and the indirect PVI values at the cisterna magna and lateral ventricle were 0.79 _ 0.21 and 0.86 ___ 0.24 ml, respectively. The direct PVI value was significantly smaller than the indirect PVI level at the lateral ventricle (p < 0.05), but was not different from that at the cisterna magna.
When injections were performed at the cisterna magna, the direct PVI and the indirect PVI at the lumbar sac and lateral ventricle were 0.71 ___ 0.20, 0.80 ___ 0.21, and 0.81 _+ 0.24 ml, respectively. The direct PVI value was also smaller than the indirect PVI value, but the difference was not significant. Finally, when injections were made at the lateral ventricle, the direct (Table 3) .
Group 2: Saline-Loaded Group
Data obtained from six animals with saline loading were analyzed. After saline infusion into the CSF space and achievement of a new steady-state pressure, the average CSF pressure was 22.7 + 2.7 mm Hg.
Direct PVI at Different Sites. During saline infu-
sion, values of PVI in the lumbar subarachnoid space, cisterna magna, and lateral ventricle were 0.54 + 0.053, 0.52 ___ 0.062, and 0.53 4-_ 0.068 ml, respectively. The infusion of saline lowered the direct PVI value significantly at each site as compared with the normal condition (p < 0.01 at the cisterna magna and lumbar sac, p < 0.05 at the lateral ventricle). The direct PVI values at each site did not differ from each other significantly (p > 0.25, t-test) ( Table 1 and Fig. 1 ).
Comparison of Direct and Indirect PVI Values.
When bolus injections were made into the lumbar sac during saline loading, the direct PVI value and the indirect PVI levels at the cisterna magna and lateral ventricle were 0.54 + 0.053, 0.54 + 0.053, and 0.55 + 0.053 ml, respectively. When injections were performed at the cisterna magna, the direct PVI value and the indirect PVI levels in the lumbar sac and lateral ventricle were 0.52 ___ 0.062, 0.54 ___ 0.066, and 0.54 + 0.068 ml, respectively. When the bolus of saline was injected into the lateral ventricle, the direct PVI value and the indirect PVI levels at the lumbar sac and cisterna magna were 0.53 ___ 0.068, 0.56 __. 0.061, and 0.55 _+ 0.067 ml, respectively. During saline loading, there were no significant differences between direct and indirect PVI values at any location (Table 2 and Fig. 3 ).
Comparison of Ro at different loci during saline infusion was not possible because the declining CSF pressure after bolus injection was too unstable to obtain data sufficiently reliable for statistical analysis.
Discussion
This series of experiments revealed that, in the cat, direct PVI values, estimated by the bolus injection test at different sites, were not significantly different when comparing normal conditions and PVI lowered artificially by the continuous infusion of saline into the CSF Comparison of direct and indirect PVI values under normal conditions showed that they were not different when the bolus of saline was injected at the cisterna magna; however, the direct PVI value from the lumbar sac was significantly lower than the indirect PVI level at the lateral ventricle, and vice versa. A larger value of indirect PVI represents a lower peak pressure induced by the bolus injection, while the baseline CSF pressure is the same. Such attenuation of peak pressure is due to the stress relaxation mechanism of the CSF system, as reported by Sullivan, et al. ~4'~5 The finding that the discrepancy was abolished by saline loading supports this hypothesis because the infusion of saline effectively exhausted the capacity of the buffering mechanism of the CSF system, as was shown by the lowered PVI value.
We performed this study in spontaneously breathing animals. This made it more difficult to estimate the value of Ro by the bolus method since it requires a longer duration of steady-state conditions than when measuring PVI. The Ro was measured successfully in only a limited number of animals under normal conditions, because even a slight change in breathing or muscle tonus could disturb the curve of the declining CSF pressure, which is vital for the estimation of Ro, after bolus injection.
The estimated value of Ro from the lateral ventricle was significantly higher than those obtained from the subarachnoid space. A similar discrepancy has been reported by others (Table 3 ). The Ro reported in the lateral ventricle of the cat by Sullivan, et al., ~5 was 95 mm Hg/ml/min, significantly higher than the value at the cisterna magna (52.7 mm Hg/ml/min) reported by Marmarou, el al. 4 While it is premature to make clinical inferences from these findings, this study attempts to examine the H. Takizawa, T. Gabra-Sanders and J. D. Miller proposal that it may, under certain conditions, be possible to test intracranial pressure-volume relationships by remote injections when ICP is being monitored by a subdural or extradural transducer.
